An experimental procedure was developed to study the association of selected bacteria and macroinvertebrates and their response to free available chlorine disinfection. The organisms selected for study were Escherichia coli (LacZ545), Enterobacter cloacae (ATCC 23355), and the amphipod Hyalella azteca. E. coli was shown to bind tightly (1.6 x 104 CFU per amphipod) to this macroinvertebrate and to resist repeated attempts to wash it off. E. cloacae was shown to bind much less tightly (1.4 x 103 CFU per amphipod) to H. azteca and was less resistant to removal by washing. The extent of association is a function of macroinvertebrate size (surface area), but the procedure produces repeatable results usable for controlled experimentation. This method, together with the dual bacterial identification criteria (morphology and antibiotic resistance), was used to study the response of unassociated and associated E. coli and E. cloacae to disinfection with free available chlorine at 1.0 mg/liter. Unassociated E. coli populations decreased to less than 1% of their zero time controls within 1 min of contact time, whereas more than 2% of the associated E. coli populations remained viable after 60 min of contact at 1.0 mg of free available chlorine per liter. Unassociated E. cloacae populations decreased to less than 1% of their zero time controls within 1 min of contact time, whereas ca. 15% of the associated E. cloacae populations remained viable after 60 min of contact at 1.0 mg of free available chlorine per liter. With minor modifications this method can be used to study essentially any combination of bacterium and macroinvertebrate and to thereby ascertain whether a macroinvertebrate can serve to breach the chlorine disinfection barrier, protect potential bacterial pathogens from disinfection, and possibly allow for subsequent pathogen multiplication within a potable water distribution system.
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One persistent problem associated with current drinking water resources is the infestation of both filtered and unfiltered water supplies and distribution systems by representatives of several taxonomic groups of meio-and macroinvertebrates. These groups include Crustacea, Nematoda, Platyhelminthes, and Insecta. Their presence in potable water distribution systems is also expected, but it should not be tolerated. Macroinvertebrates can be the cause of tastes, odors, water discoloration, filter clogging, high turbidity, and political embarrassment. MacKenthun and Keup (16) stated that none of these organisms found in surface waters used for domestic purposes were injurious to health. No reference was cited to substantiate their conclusions. Haney (11) reported that macroinvertebrates (nematodes, in this case) can pose a threat to the public health, particularly if they are exposed to potential pathogens. In their concise review, Gerardi and Grimm (10) summarized the current philosophy with regard to macroinvertebrate infestation when they wrote that "these animals are not known to present a serious public health risk." However, macroinvertebrates in distribution networks may be the cause of coliform occurrences that appear to resist disinfection and could conceivably also support pathogen penetration through water plant treatment barriers. In such situations, macroinvertebrates could provide a possible mode of transmission and protection for associated bacterial and viral pathogens. The contamination of potable waters may occur both at the surface water source and within the potable water distribution system (19 Macroinvertebrate colonization of distribution systems has been substantiated. We have collected both adult and juvenile living macroinvertebrates from several sources, including hydrants, dead ends, and water filters. We and others (15, 21) suggest that macroinvertebrates live and probably reproduce within the distribution system. Recent studies indicated that microorganisms such as algae, diatoms, and bacteria exist on or within protective encrustations or tubercles within pipelines (1, 15, 23) . These microorganisms could serve as food sources (direct or indirect) for macroinvertebrates such as amphipods which are known to consume algae, diatoms, and plant-associated microbiota (9, 12) .
The potential public health significance of these macroinvertebrates and their associated microbiota was demonstrated by Chang et al. (7) . Nematodes were found to ingest enteric bacterial pathogens and viruses, and these pathogens were completely protected against chlorination, even when the worms were totally immobilized. Tracy et al. (24) theorized that microbiota, e.g., coliforms, become encapsulated within microcrustaceans (copepods) and are protected against usual chlorination. Upon reaching the tap of the consumer, many of these microcrustaceans have disintegrated or broken apart, releasing those microbiota protected inside. Most recently, Huq et al. (14) suggested that the attachment of Vibrio cholerae to live copepods may be an important factor in the ecology of this species in the environment as well as in the epidemiology of cholera.
To better evaluate the public health significance of bacteria associated with macroinvertebrates, we developed a procedure that evaluates the adsorbtion of a test bacterium to a model macroinvertebrate. Subsequently, we developed a technique to evaluate the disinfection kinetics of associated (seeded) bacteria.
MATERIALS AND METHODS Preparation and handling of the macroinvertebrate. Hyalella azteca (Amphipoda) was collected by dipnetting around submerged plants in shallow areas of the Holden Reservoirs, Holden, Mass. During inclement weather, H. azteca was purchased from Connecticut Valley Biological Supply Co., Southampton, Mass. The amphipods were maintained in shallow glass dishes containing aquatic plants. The amphipods were handled with large-bore plastic pipettes; only adult amphipods (based on the size of the amphipod and number of antennal segments) were used in the experiments. Experimental animals in excess of numbers that were needed (at least 180) and of appropriate age (adult) were picked and placed in a glass flat-bottom culture dish (7 by ipproximately 109 cells of this culture were spread plated )nto TSY plates containing 20 ,ug of tetracycline per ml. A aurviving colony was selected and grown on a plate containng both antibiotics. This became the working stock which vas subcultured every 10 to 14 days. A glycerol stock was repared as described above.
Preparation of CDF buffer and chlorine solutions. Chlorinelemand-free (CDF) phosphate buffer was used as a medium n most of the inactivation experiments. The CDF buffer was repared by adding a sufficient arnount of Clorox (Clorox -orp., Oakland, Calif.) to filtered (pore size, 0.4 p.m) Milli The procedure for seeding and disinfection experiments for macroinvertebrate-associated and unassociated bacteria is summarized in Fig. 1 .
A loopful from the original bacterial stock was inoculated into TSY broth, grown at 35°C for 18 to 24 h (the broth appeared quite turbid), and streaked into a TSY slant. The slant was incubated at 35°C for 24 h and then stored at 4°C. Cells for each experiment were subcultured from this slant into 5.0 ml of TSY broth and incubated with shaking at 35°C to an appropriate optical density (at 520 nm) which corresponded to a concentration of 109 cells per ml. This subculture was centrifuged for 10 min at 6,000 rpm (4,400 x g). The Concurrently, the required number of amphipods was transferred to a 250-ml beaker containing filter-sterilized water. This water was decanted and replaced two to three times until debris was removed. After final decanting, the amphipods were suspended in 50 ml of filter-sterilized reservoir water. The amphipods were slowly poured into a 2-liter Erlenmeyer flask containing 10 ml of filter-sterilized reservoir water per amphipod. The optimal seeding period required 6 h at 20°C with gentle shaking (55 to 75 rpm).
Inactivation experiments were performed using a,u-Carrier Magnetic Multiple Stirrer with,l-Carrier Spinner Flasks (Bellco Glass, Inc., Vineland, N.J.). Spinner Flasks are designed to accept a maximum of 500 ml and are completely autoclavable. The Magnetic Stirrers are equipped with a tachometer and variable-speed control. Eight experimental units and one control unit were used for each inactivation experiment.
For each associated bacterial inactivation experiment. seeded macroinvertebrates were washed five times in sterile Milli-Q water with a sterile polypropylene-stainless steel screen. With an inoculating loop, 15 washed amphipods were transferred from the screen to each of the nine specimen dishes. Each specimen dish contained 2 to 3 ml of CDF Milli-Q water. The contents of the specimen dishes were quickly poured through the top of the Bellco ,L-Carrier Flask to begin disinfection. Each Bellco ,u-Carrier Flask was filled with 500 ml of chlorine solution (Milli-Q) just before initiation of disinfection. The vessels were stirred at 25 rpm throughout the disinfection period. The macroinvertebrates of one additional dish were used for the zero time control.
After the desired contact period, the amphipods were decanted into a sterile polypropylene screen and washed fives times in sterile Milli-Q water, with the first wash containing 0. ization of amphipods according to size for the experiments detailed in this paper. Figure 3 is a comparison of the kinetics of chlorine inactivation of unassociated and associated (seeded) E. coli at 1.0 mg of free available chlorine per liter. The curves indicate the following disinfection kinetics: (i) survival of unassociated E. coli was 1% after 30 s of contact time; (ii) a greater than 2% survival of macroinvertebrate-associated E. coli was noted after 60 min of contact time; (iii) macroinvertebrate-associated E. coli was inactivated at a much slower rate than unassociated E. coli under similar conditions. Figure 4 is a comparison of the Selleck-Collins inactivation kinetics of unassociated and associated (seeded) E. coli at pH 6.0 with a sodium phosphate buffer (0.05 M) in CDF Milli-Q water at 20°C.
The Selleck-Collins model (20) is a derived kinetic expression to describe the effects of combined chlorine on bacteria: S = (b/Ct)" (where Ct 2 b) and S = 1 (where Ct < b). S is the survival ratio (NINO), C is the chlorine residual after satisfaction of the immediate chlorine demand, n is the rate constant (slope of the curve), b is the lag coefficient in milligrams per liter per minute (x-intercept in a log-log plot of the equation), and t is the contact time.
From our data we note that: (i) unassociated E. coli populations have a lower b value (0.16) and hence exhibit greater vulnerability to the disinfection agent than do the associated cells (b = 0.40); (ii) unassociated E. coli populations have a higher n value (2.97) than do associated cells (n = 0.76) and are thus disinfected at a faster rate; and (iii) more chlorine or a longer contact time is required to disinfect associated E. coli than unassociated cells. the fact that such associations may provide protection, allow for increased metabolic activities, and promote reproduction. These relationships may have epidemiological significance under certain conditions. Studies by Huq et al. (14) suggest that in the marine environment near Bangladesh, copepods may serve as a vector and reservoir for V. cholerae.
The present study indicates that amphipods form associations with bacteria and that these associations are beneficial to the survival of E. coli and E. cloacae under controlled laboratory conditions. This association protects these bacteria from disinfection with chlorine at levels commonly encountered in distribution systems. When the bacteria are cultured on nonselective medium, enhanced survival is seen as compared with nonassociated forms of the test bacteria exposed to identical chlorine concentrations under experimental conditions as described earlier. These data also suggest that macroinvertebrate-associated bacteria may escape chlorination and continue to survive within the distribution system. Our experience in the distribution system of Worcester, Mass., indicates that a significant proportion of organic debris seen in the water column is dying and dead macroinvertebrates or their exoskeletons. We suggest that these materials may represent a source for system colonization and that their presence may account for sporadic coliform occurrences and high heterotrophic background bacterial counts when standard plate counts are used.
We believe that our method can be used to evaluate any combination of bacterium and macroinvertebrate and to ascertain whether the macroinvertebrate can serve to breach the disinfection barrier and protect potential bacterial pathogens from disinfection.
